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Description 

[0001] This invention relates to an ultra-high strength steel having a tensile strength (TS) of at least 950 MPa and 
excellent in low temperature toughness and weldability, which can be widely used as a weldable steel material for line 

s pipes for transporting natural gases and crude oils, various pressure containers, industrial machinery, and so forth. 
[0002] The strength of line pipes used for pipelines for the long distance transportation of crude oils and natural 
gases has become higher and higher in recent years due toQ)an improvement in transportation efficiency by higher 
pressure and©an improvement in on-site execution efficiency by the reduction of outer diameters and weights of the 
line pipes. Line pipes having X80 according to the American Petroleum Institute (API) standard (yield strength of at 

10 least 551 MPa and tensile strength of at least 620 MPa) have been put into practical use to this date, but the need for 
line pipes having a higher strength has become stronger and stronger. 

[0003] Studies on the production methods of ultra-high strength line pipes have been made at present on the basis 
of the conventional production technologies of X80 line pipes (for example, NKK Engineering Report, No. 138 (1992), 
pp. 24-31 and The 7th Offshore Mechanics and Arctic Engineering (1 988), Volume V, pp. 1 79-1 85), but the production 
15 of line pipes having X1 00 (yield strength of at least 689 MPa and tensile strength of at least 760 MPa) is believed to 
be the limit according to these technologies. 

[0004] To achieve an ultra-high strength of pipe lines, there are a large number of problems yet to be solved, such 
as the balance between strength and low temperature toughness, the toughness of a welding heat affected zone (HAZ), 
field weldability, softening of joints, and so forth, and accelerated development of a revolutionary ultra-high strength 
20 line pipe (exceeding X100) which solves these problems has been earnestly desired. 

[0005] In order to satisfy the requirements described above, the first object of the present invention is to provide a 
steel for a line pipe which has an excellent balance of a strength and a low temperature toughness, can be easily 
welded on field, and has an ultra-high strength and a low yield ratio of a tensile strength of at least 950 MPa (exceeding 
X100 by the API standard). 

25 [0006] It is another object of the present invention to provide a steel for a high strength line pipe which is a low carbon 
high Mn (at least 1 .7%) type steel containing Ni-Nb-Mo-trace Ti added compositely, and@the micro-structure of which 
comprises a soft/hard mixed structure of fine ferrite (having a mean grain size of not greater than 5 ujti and containing 
a predetermined amount of worked ferrite) and martensite/bainite. 

[0007] The present invention specifies a P value (hardenability index) as a usable strength estimation formula of a 
30 steel which expresses the hardenability index for high strength line pipe steels and represents a value indicating higher 
transformability to a martensite or bainite structure when it takes a large value, and this P value can be given by the 
following general formula: 

35 P = 2.7C + 0.4Si + Mn + 0.8Cr + 0.45(Ni + Cu) + (1 + p) Mo + V - 1 + p 

[0008] The p value is zero when B < 3 ppm and is 1 when B > 3 ppm. 

[0009] Further, the ferrite mean grain size is defined as a mean grain boundary distance of the ferrite when measured 
in the direction of the thickness of the steel material. 

40 [0010] The present invention provides a high strength line pipe steel (1 ) which is a low carbon high Mn type steel 
containing Ni-Mo-Nb-trace Ti-trace B compositely added thereto, and a low carbon high Mn type steel containing Ni- 
Cu-Mo-Nb-trace Ti compositely added thereto, and (2) the micro-structure of which comprises a two-phase mixed 
structure of a fine ferrite (having a mean grain size of not greater than 5 urn and containing a predetermined amount 
of worked ferrite) and martensite/bainite. 

45 [0011] Low carbon-high Mn-Nb-Mo steel has been known in the past as a line pipe steel having a fine acicular ferrite 
structure, but the upper limit of its tensile strength Is 750 MPa at the highest. In this basic component system, a high 
strength line pipe steel having a hard/soft mixed fine structure comprising a fine ferrite containing worked ferrite and 
martensite/bainite does not at all exist. For, it has been believed until now that a tensile strength higher than 950 MPa 
could never be attained by the ferrite and martensite/bainite hard/soft mixed structure of the Nb-Mo steel, and that low 

50 temperature toughness and field weldability would not be sufficient, either. 

[0012] However, the inventors of the present invention have discovered that even in Nb-Mo steel, an ultra-high 
strength and excellent low temperature toughness can be accomplished by strictly controlling the chemical components 
and the micro-structure. The notable characteristics of the present invention reside in ©that the ultra-high strength 
and the excellent low temperature toughness can be obtained even without a tempering treatment and©that the yield 

55 ratio is lower than that of the hardened/tempered steels, and pipe moldability and low temperature toughness are by 
far more excellent. (In the steel according to the present invention, even when the yield strength is low in the form of 
a steel plate, the yield strength increases by molding the plate into a steel pipe, and the intended yield strength can 
be obtained). 
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[001 3] The present inventors have conducted intensive studies on the chemical compositions of steel materials and 
their micro-structures to obtain the ultra-high strength steels excellent in low temperature toughness and field weldability 
and having a tensile strength of at least 950 MPa, and have invented a high strength line pipe steel having a low yield 
ratio and excellent in low temperature toughness. 
s [0014] Thus, the object of the present invention is achieved with the high strength line pipe steel according to the 
claims. 

[0015] Hereinafter, the present invention will be described in detail. 

[0016] First of all, the micro-structure of the steel of the present invention will be explained. 

[0017] To achieve an ultra-high tensile strength of at least 950 MPa, the micro-structure of the steel material must 

10 comprise a predetermined amount of martensite-bainite and to this end, the ferrite fraction must be 20 to 90% (or the 
martensite/bainite fraction must be 10 to 80%). When the ferrite fraction is greater than 90%, the martensite/bainite 
fraction becomes so small that the intended strength cannot be achieved. (The ferrite fraction depends also on the C 
content, and it is notably difficult to attain a ferrite fraction of at least 90% when the C content exceeds 0.05%). 
[0018] In the steel according to the present invention, the most desirable of preferable ferrite fraction is 30 to 80% 

is from the viewpoints of the strength and the low temperature toughness. However, ferrite is originally soft. Therefore, 
even when the ferrite fraction is 20 to 90%, the intended strength (particularly, the yield strength) and the low temper- 
ature toughness cannot be accomplished if the proportion of worked ferrite is too small. Therefore, the proportion of 
the worked ferrite is set to 50 to 1 00%. Working (rolling) of the ferrite improves its yield strength by dislocation strength- 
ening and sub-grain strengthening, and at the same time, it is extremely effective for improving the Charpy transition 

20 temperature as will be later described. 

[0019] Even limiting the micro-structure as described above is not yet sufficient to accomplish an excellent low tem- 
perature toughness. To attain this object, it is necessary to utilize separation by introducing the worked ferrite, and to 
fine the mean grain size of the ferrite to not greater than 5 um. It has been clarified that in the ultra-high strength steel, 
too, the separation occurs on the fracture of the Charpy impact test, etc., by the introduction of the worked ferrite 

25 (texture), and that the fracture transition temperature is drastically lowered. (The separation is a laminar peel phenom- 
enon occurring on the fracture of the Charpy impact test, etc., and is believed to lower the triaxial stress at the distal 
end of brittle cracks and to improve brittle crack propagation step characteristics). 

[0020] It has also been found that when the ferrite mean grain size is set to not greater than 5 urn, the martensite/ 
bainite structure other than the ferrite is simultaneously fined, and a remarkable improvement of the transition tern per- 

30 ature and the increase of the yield strength can be obtained. 

[0021] As described above, the present invention has succeeded in the drastic improvement of the balance of the 
strength and the low temperature toughness of the hard/soft mixed structure of the ferrite of the martensite/bainite 
structure in Nb-Mo steel, the low temperature toughness of which had been believed inferior in the past. 
[0022] However, even if the micro-structure of the steel is strictly controlled as described above, the steel material 

35 having the intended characteristics cannot be obtained. To accomplish this object, the chemical compositions must be 
limited simultaneously with the micro-structure. 

[0023] Hereinafter, the reasons for limitation of the chemical compositions will be explained. 
[0024] The C content is limited to 0.05 to 0.10%. Carbon is an extremely effective element for improving the strength 
of steeJ. In order to obtain the intended strength in the ferrite and martensite/bainite hard/soft mixed structure, at least 
40 0.05% of C is necessary. This is also the minimum necessary amount for securing the effect of precipitation hardening 
by the addition of Nb and V, the refining effect of the crystal grains and the strength of the weld portion. If the C content 
is too high, however, the low temperature toughness of both the base metal and the HAZ and field weldability are 
remarkably deteriorated. Therefore, the upper limit is set to 0.10%. 

[0025] Silicon (Si) is added for deoxidation and for improving the strength. If its content is too high, however, the 
45 HAZ toughness and field weldability are remarkably deteriorated. Therefore, its upper limit is set to 0.6%. Deoxidation 
of the steel can be sufficiently accomplished by Ti or A€, and Si need not always be added. 

[0026] Manganese (Mn) is an essential element for converting the micro-structure of the steel of the present invention 
to the ferrite and martensite/bainite hard/soft mixed structure and securing an excellent balance between strength and 
low temperature toughness, and its lower limit is 1.7%. If the Mn content is too high, however, hardenability of the steel 
50 increases, so that not only the HAZ toughness and field weldability are deteriorated but center segregation of the 
continuous cast steel slab is promoted and the low temperature toughness of the base metal are deteriorated. There- 
fore, its upper limit is set to 2.5%. The preferred Mn content is from 1 .9 to 2.1%. 

[0027] The object of addition of nickel (Ni) is to improve the strength of the low carbon steel of the present invention 
without deteriorating the low temperature toughness and field weldability. In comparison with the addition of Mn, Cr 
55 and Mo, the addition of Ni forms less of the hardened structure detrimental to the low temperature toughness in the 
rolled structure (particularly, in the center segregation band of the slab), and the addition of 0. 1 wt.% Ni is found effective 
for improving the HAZ toughness, too. From the aspect of the HAZ toughness, a particularly effective amount of addition 
of Ni is greater than 0.3%. However, if the addition amount is too high, not only economy but also the HAZ toughness 
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and field weldability are deteriorated. Therefore, the upper limit is set to 1 .0%. The addition of Ni is also effective for 
preventing Cu cracks at the time of hot rolling and continuous casting. In this case, Ni may preferably be added in an 
amount of at least 1/3 of the Cu content 

[0028] Molybdenum (Mo) is added in order to improve hardenability of the steel and to obtain the intended hard/soft 
5 mixed structure. When co-present with Nb, Mo strongly suppresses the recrystallization of austenite during controlled 
rolling and refines the austenite structure. To obtain such an effect, at least 0.15% of Mo must be added. However, the 
addition of Mo in an excessive amount deteriorates the HAZ toughness and field weldability, and its upper limit is set 
to 0.6%. 

[0029] Further, the steel according to the present invention contains 0.01 to 0.10% of Nb and 0.005 to 0.030% of Ti 
10 as essential elements. 

[0030] When co-present with Mo, niobium (Nb) suppresses recrystallization of austenite during controlled rolling and 
refines the crystal grains. It also makes great contributions to the improvement in precipitation hardening and harden- 
ability, and improves the toughness of the steel. When the addition amount of Nb is too great, however, it exerts adverse 
influences on the HAZ toughness and site weldability. Therefore, its upper limit is set to 0.10%. 

15 [0031] On the other hand, the addition of titanium (Ti) which forms a fine TIN, restricts coarsening of the austenite 
grains at the time of slab re-heating and of the HAZ of welding, refines the micro-structure, and improves the low 
temperature toughness of the base metal and the HAZ. When the A€ content is small (for example, not greater than 
0.005%), Ti forms an oxide, functions as an intra-grain ferrite formation nucleus and refines the HAZ structure. To 
obtain such effects of the Ti addition, at least 0.005% of Ti must be added. When the Ti content is too high, however, 

20 coarsening of TiN and precipitation hardening due to TiC occur and the low temperature toughness is deteriorated. 
Therefore, its upper limit is set to 0.03%. 

[0032] Aluminum (A€) is ordinarily contained as a deoxidation agent in steel, and has the effect of refining the struc- 
ture. However, if the A€ content exceeds 0.06%, alumina type non-metallic inclusions.increase and lower the cleanness 
of the steel. Therefore, the upper limit is set to 0.06%. Deoxidation can be accomplished by Ti or Si, and A€ need not 
2S be always added. 

[0033] Nitrogen (N) forms TiN, restricts coarsening of the austenite grains during re -heating of the slab and the 
austenite grains of the HAZ, and improves the low temperature toughness of both the base metal and the HAZ. The 
minimum necessary amount in this instance is 0.001%. When the N content is too high, however, N will result in surface 
defects of the slab and in deterioration of the HAZ toughness due to the solid solution N. Therefore, its upper limit must 
30 be limited to 0.006%. 

[0034] Further, the present invention limits the P and S contents as impurities elements to not greater than 0.01 5% 
and not greater than 0.003%, respectively. The main object of the addition of these elements is to further improve the 
low temperature toughness of both the base metal and the HAZ. The reduction of the P content lowers center segre- 
gation of the continuous cast slab, prevents grain boundary destruction and improves the low temperature toughness. 
35 The reduction of the S content is necessary so as to reduce MnS, which is elongated in controlled rolling, and to improve 
the ductility and the toughness. 

[0035] Furthermore, at least one of the following elements is selectively added, whenever necessary: 

B: 0.0003 to 0.0020% or B: <0.0003, 
40 Cu: 0.1 to 1.0%, 

Cr: 0.1 to 0.8%, and 
V: 0.01 to 0.10%. 

[0036] Next, the object of the addition of B, Cu, Cr, V, Ca, Mg and Y will be explained. 

45 [0037] Boron (B) restricts the formation of coarse ferrite from the grain boundary during rolling and contributes to the 
formation of fine ferrite from inside the grains. Further, B restricts the formation of the grain boundary ferrite in the HAZ 
and improves the HAZ toughness in welding methods having a large heat input such as SAW used for seam welding 
of weldable steel pipes. If the amount of addition of B is not greater than 0.0003%, no effect can be obtained and if it 
exceeds 0.0020%, B compounds will precipitate and lead to reduced low temperature toughness. Therefore, the amount 

50 of addition is set to the range of 0.0003 to 0.0020%, if an effect is desired. 

[0038] Copper (Cu) drastically improves the strength in the ferrite and martensite/bainite two-phase mixed structure 
by hardening and precipitation strengthening the martensite/bainite phase. It is also effective for improving the corrosion 
resistance and hydrogen induced crack resistance. If the Cu content is less than 0. 1 %, these effects cannot be obtained. 
Therefore, the lower limit is set to 0.1%. When added in an excessive amount, Cu leads to induced toughness of both 

55 the base metal and the HAZ due to precipitation hardening, and Cu cracks occur during hot working, too. Therefore, 
its upper limit is set to 1 .2%. 

[0039] Chromium (Cr) increases the strength of the weld portion. If the amount of addition is too high, however, the 
HAZ toughness as well as field weldability are remarkably deteriorated. Therefore, the upper limit of the Cr content is 
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0.8%. If the amount of addition Is less than 0.1%, these effects cannot be obtained. Therefore, the lower limit is set to 
0.1%. 

[0040] Vanadium (V) has substantially the same effect as Nb, but its effect is weaker than that of Nb. However, the 
effect of the addition of V in ultra-high strength steels is great, and the composite addition of Nb and V makes the 
5 excellent features of the present invention all the more remarkable. V undergoes strain-induced precipitation during 
working (hot rolling) of ferrite, and remarkably strengthens ferrite. If the amount of addition is less than 0.01%, such 
an effect cannot be obtained. Therefore, the lower limit is set to 0.01%. The upper limit of up to 0.10% is permissible 
from the aspects of the HAZ toughness and field weldability, and a particularly preferred range is 0.03 to 0.08%. 
[0041] Furthermore, at least one of the following components, 

10 

Ca: 0.001 to 0.006%, and 
REM: 0.001 to 0.02%, 

or at least one of the following components, 

75 

Mg: 0.001 to 0.006%, and 
Y: 0.001 to 0.010%, 

may be added, whenever necessary. 

20 [0042] Next, the reasons why Ca, REM, Mg and Y are added will be explained. 

[0043] Caand REM control the formation of a sulfide (MnS) and improve the low temperature toughness (the increase 
in absorption energy in a Charpy test, etc). However, no practical effect can be obtained if the Ca or REM content is 
not greater than 0.001%, and if the Ca content exceeds 0.006% or the REM content exceeds 0.02%, large quantities 
of CaO-CaS or REM-CaS are formed and result in large clusters and large inclusions. They not only deteriorate the 

2S cleanness of the steel but adversely affect field weldability. Therefore, the upper limit of the addition amount of Ca or 
REM is set to 0.006% or 0.02%, respectively. Furthermore, in ultra-high strength line pipes, it is particularly effective 
to reduce the S and 0 contents to 0.001 % and 0.002%, respectively, and to set ESSP = (Ca)[1 - 124(0)]/1 .25S to 0.5 
< ESSP < 10.0. The term "ESSP" is the abbreviation of "Effective Sulfide State Control Parameter". 
[0044] Each of magnesium (Mg) and yttrium (Y) forms a fine oxide, restricts the growth of the grains when the steel 

30 is rolled and re-heated, and refines the structure after hot rolling. Further, they suppress the grain growth of the welding 
heat affected zone and improve the low temperature toughness of the HAZ. If their amount of addition is too small, 
their effect cannot be obtained, and if their amount of addition is too high, on the other hand, they become coarse 
oxides and deteriorate the low temperature toughness. Therefore, the amounts of addition are set to Mg: 0.001 to 
0.006% and Y: 0.001 to 0.010%. When Mg and Y are added, the A€ content is preferably set to not greater than 0.005% 

35 from the aspects of fine dispersion and the yield. 

[0045] Besides the limitation of the individual addition elements described above, the present invention preferably 
limits 

40 P = 2.7C + 0.4Si + Mn + 0.8Cr + 0.45(Ni + Cu) + (1 + P)Mo + V - 1 + p 

to 1 .9 <, P < 4.0 when the steel contains the Mo support, to 2.5 < P < 4.0 when B is further added, and to 2.5 < P < 3.5 
when Cu is further added to the steel. This is to accomplish the intended balance between the strength and the low 
temperature toughness without deteriorating the HAZ toughness and field weldability. The lower limit of the P value is 

45 set to 1 .9 so as to obtain a strength of at least 950 MPa and an excellent low temperature toughness. The upper limit 
of the P value is set to 4.0 so as to maintain the excellent HAZ toughness and field weldability. 
[0046] In the present invention, a low C-high Mn-Nb-V-Mo-Ti type steel, a Ni-Mo-Nb-trace Ti-trace B type steel and 
a Ni-Cu-Mo-Nn-trace Ti type steel are heated to the low temperature zone of austenite, are then rolled under strict 
control in the austenite/ferrite two-phase zone, and are cooled with air or are rapidly cooled to obtain a fine worked 

50 ferrite plus martens ite/bain it e mixed structure, thereby simultaneously achieving ultra-high strength and excellent low 
temperature toughness and field weldability and softening the weld portion by the worked ferrite plus martensite/bainite 
mixed structure. Next, the reasons for limitation of the production conditions will be explained. 
[0047] In the present invention, the slab is first re-heated to a temperature within the range of 950 to 1,300°C and 
is then hot rolled so that the cumulative rolling reduction ratio is at least 50% at a temperature not higher than 950°C, 

55 the cumulative rolling reduction ratio is 10 to 70%, preferably 15 to 50%, in the ferrite-austenite two-phase zone of an 
Ar 3 point to an A^ point, and a hot rolling finish temperature is 650 to 800° C. Thereafter, the hot rolled plate is cooled 
with air, or is cooled at a cooling rate of at least 10°C/sec to an arbitrary temperature not higher than 500°C. 
[0048] This process is directed to keep small the initial austenite grains at the time of re-heating of the slab and to 
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refine the rolled structure. For, the smaller the initial austenite grains, the more likely becomes the two-phase structure 
of fine ferrite-martensite to occur. The temperature of 1,300°C is the upper limit temperature at which the austenite 
grains at the time of re-heating do not become coarse. If the heating temperature is too low, on the other hand, the 
alloy elements do not solve sufficiently, and a predetermined material cannot be obtained. Because heating for a long 

s time is necessary so as to uniformly heat the slab and deformation resistance at the time of hot rolling becomes great, 
the energy cost increases undesirably. Therefore, the lower limit of the re-heating temperature is set to 950°C. 
[0049] The re-heated slab must be rolled so that the cumulative rolling reduction quantity at a temperature not higher 
than 950°C is at least 50%, the cumulative reduction quantity of the ferrite-austenite two-phase zone at the Ar 3 to Ar-, 
point is 10 to 70%; preferably 15 to 50%; and the hot rolling finish temperature is 650 to 800°C. The reason why the 

io cumulative rolling reduction quantity below 950°C is limited to at least 50% is to increase rolling in the austenite un- 
recrystallization zone, to refine the austenite structure before transformation and to convert the structure after trans- 
formation to the ferrite-martensite/bainite mixed structure. The ultra-high strength line pipe having a tensile strength 
of at least 950 MPa requires a higher toughness than ever from the aspect of safety. Therefore, its cumulative reduction 
quantity must be at least 50%. (The cumulative rolling reduction quantity is preferably as high as possible, and has no 

15 upper limit). 

[0050] In the present invention, further, the cumulative rolling reduction quantity of the ferrite-austenite two-phase 
zone must be 10 to 70% and the hot rolling finish temperature must be 650 to 800°C. This is to further refine the 
austenite structure, which is refined in the austenite un-recrystallization zone, to work and strengthen ferrite, and to 
make it easy for the separation to more easily occur at the time of the impact test. 

20 [0051] When the cumulative rolling reduction quantity of the two-phase zone is lower than 50%, the occurrence of 
the separation is not sufficient, and the improvement in the propagation stop characteristics of brittle cracks cannot be 
obtained. Even when the cumulative rolling reduction quantity is suitable, the excellent low temperature toughness 
cannot be accomplished if the rolling temperature is not suitable. If the hot rolling finish temperature is lower than 
650°C, brittleness of ferrite due to machining becomes remarkable. Therefore, the lower limit of the hot rolling finish 

25 temperature is set to 650°C. If the hot rolling finish temperature exceeds 800° C, however, fining of the austenite struc- 
ture and the occurrence of the separation are not sufficient. Therefore, the upper limit of the hot rolling finish temperature 
is limited to 800°C. 

[0052] After hot rolling is completed, the steel plate is either cooled with air, or is cooled to an arbitrary temperature 
lower than 500°C at a cooling rate of at least 1 0°C/sec. In the steel of the present invention, the ferrite and martensite/ 

30 bainite mixed structure can be obtained even when cooling with air is carried out after rolling, but in order to further 
increase the strength, the steel plate may be cooled down to an arbitrary temperature lower than 500°C at a cooling 
rate of at least 10°C/sec. Cooling at the cooling rate of at least 10°C/sec is to accelerate transformation and to refine 
the structure by the formation of martensite, etc. If the cooling rate is lower than 10°C/sec or the water cooling stop 
temperature is higher than 500°C, the improvement of the balance of the strength and the low temperature toughness 

35 by transformation strengthening cannot be sufficiently expected. 

[0053] It is one of the characterizing features of the steel of the present invention that it need not be tempered, but 
tempering may be carried out so as to conduct residual stress cooling. 
[0054] Next, Examples of the present invention will be described. 

40 Example 1 

[0055] Slabs having various chemical compositions were produced by melting on a laboratory scale (ingot: 50 kg, 
1 20 mm-thick) or by a converter continuous-casting method (240 mm-thick). These slabs were hot rolled to steel plates 
having a thickness of 15 to 32 mm under various conditions, and various mechanical properties and micro-structures 
45 were examined (tempering was applied to some of the steel plates). 

[0056] The mechanical properties of the steel plates (yield strength: YS, tensile strength: TS, absorption energy at 
-40° C in Charpy impact test: vE-40, 50% fracture transition temperature: vTrs) were examined in a direction at right 
angles to the rolling direction. 

[0057] The HAZ toughness (absorption energy at -20°C in the Charpy test: vE_ 20 ) was evaluated by the simulated 
so HAZ specimens (maximum heating temperature: 1 ,400 o C, cooling time of 800 to 500°C [At 800 . 500 ]: 25 sec). 

[0058] Field weldability was evaluated by the lowest pre-heating temperature necessary for preventing low temper- 
ature cracking of the HAZ in a Y-slit weld crack test (JIS G3158) (welding method: gas metal arc welding, welding rod: 
tensile strength of 100 MPa, heat input: 0.5 kJ/mm, hydrogen quantity of weld metal: 3 cc/100g metal). 
[0059] The Examples are tabulated in Tables 1 and 2. The steel sheets produced in accordance with the method of 
55 the present invention had an excellent balance between the strength and the low temperature toughness, the HAZ 
toughness and field weldability. In contrast, the comparative steels are remarkably inferior in any of their properties 
because their chemical compositions or microstructures were not suitable. 

[0060] Since Steel No. 9 had an excessive C content, the Charpy absorption energy of both the base metal and the 
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HAZ was low, and the pre-heating temperature at the time of welding was high, too. Since Nb was not added in Steel 
No. 1 3, the strength was not sufficient, the ferrite grain size was large, and the toughness of the base metal was inferior. 
Since the S content was too high in Steel No. 14, the low temperature toughness of both the base metal and the HAZ 
was inferior. Since the ferrite grain size was too large in Stee! No. 18, the low temperature toughness was remarkably 
s inferior. Since the ferrite fraction and the worked ferrite fraction were small in Steel No, 19, the yield strength was low 
and the Charpy transition temperature was inferior. 



10 



is 



20 



25 



30 



35 



40 



45 



50 



7 



EP 0 757 113 B1 



10 



15 



20 



25 



30 



35 



40 



45 



<D 
< — I 

03 



SO 



55 



-h w 

C g 

3 

QJ U 
QJ -Hi 

co H 



cu 
3 

> 



u 

0) 

o 



2 



o 



* 

CO 



01 
in 

o 



u 



m 


O 


o 


o 


O 


O 


cm 


CNJ 


#H 


CM 


rvi 


cm 


CM 


CM 


CM 


m 




vO 




-J 


cm 


o 


-J- 




cm 


CN 


«-» 


CM 


rH 


CNJ 




CM 


cm 


rH 


CNJ 


CM 


CM 


CNJ 


CNJ 


CM 



O rH 

O <r 



GO 



3 



m o 

CNJ 

oo 

CNI r-i 

o o 



u 
o 

VO 

m 

CNI 
O 

o 



co 
O 



3 



CNI 

o 



o o 



o 

> 



o 
> 



ON CM 
O rH 
O O 



CNJ 

O 



CNJ 
O 



o 
o 

00 



o 
vn 

rH 

o 
o 
00 

CO 

o 



CNJ rO 

- <f ON 

CO rH 

O O 

o o 

vo m 

rH rH 

o o 

o o 

rH CNI 

<r m 

O CD 

O O 
VO 



CO 

o 

O 

- m 
co 

o • 

• o 

o •• 

.- >-» 

> o 

ro 
cn 

CNJ 

o 
o 



m 
o 

O rH 
CM 
- O 

o 
o - 

• o 
o ■■ 

.. cd 
> o 

m 

CO 

oo 

CM 

o 



oo 

-7 



-7 
CNI 



VO 

o 



-3- 

CO 



o 

vO 
rH 
O 

o 

CO 
rO 
O 

O 

in 



o 
o 

CO 
CO 

O 



CO VO 
rH CO 



m 

CO 



CNJ 

m 



o 
co 



o 



O 



O o 
CO vo 



o 
o 



o 
in 



o 


o 


o 


o 


o 


O 


o 


O 


O 


o 


o 


o 


o 


o 


VO 




m 


CNJ 


oo 


VO 


r»* 


co 




oo 






rH 








rH 




















Ch 


m 


o 


<r 


CO 


rH 


CO 


rH 


oo 


CM 


CM 


CM 


co 


CO 


rH 


rH 


CNJ 


rH 


o 


O 


o 


o 


rH 


O 


o 


CNJ 


rH 


CNJ 


CNJ 


CNJ 


CNJ 


CNI 


CM 


CM 


CM 


CM 


CM 


CM 


VO 


CNJ 


CO 


r-v 


rO 


CNJ 


r-» 


CNJ 


vo 


r>. 


CO 


<r 


<r 


CNJ 


CO 


rH 


CN) 


CM 


O 


CNJ 


rH : 


CM 


CM 


CO 


CM 


CM 


o 


o 


O 


O 


o 


o 


O 


o 


o 


o 


o 


O 


O 


CO 


CO 




o 


CO 


r-» 


m 


CM 1 


r- 


CM 


o 


in 


m 


m 




vO 






vo 








r» 


CO 






o 


O 


O 


O 


O 


o 


O 


O : 




o 


o 


o 


o 


o 


o 


o 


o 


O 


o 


O 


O 


O 


o 


o 


o 


o 


rH 


CNJ 


CO 


<r 


m 


vo 




00 


o\ 


CO 


<r 


CO 


Os 




















rH 


rH 


. rH 


rH 










c/i 










1 
















•H 1 










U 




(A 










r-H 












0J 


0) 


-H 










Q> 




c 








Qu 


> 


OJ 










cu 


> 


o 








e 


•H 


0) 










u 


vm C 


-«H 








o 


u 


iJ 










CO 


O rH 










o 


cd 


CO 





• m 


O 


O 


O 


O 


I rH 


CM 


CM 


CM 


CM 


OO 


rH 


^3 


CM 


CM 


ON 


o 


rH 


O 


o 


rH 


CM 


CM 


CM 


CM 



cn 

CM 

m 

CM 

o 
o 
co 

r- * 

o 



m 
o 



CM 
CO 



rH CM 
CO CM 
O O 



in 

O 
O 

> 

CM 
CO 

CM 
CM 
O 



o 
vn 

rH 

o 
o 



o 

CM 

rH 

O 
O 



m m 

CO CO 

o o 



CO 



CM 
rH 
O 

O 

m 
co 
o 

o 

CO 



CO 

o 



o 
oo 



-3" 

o o 

cnj vO 
vn 



O 

CO 



8 



EP 0 757 113 B1 







1 


aj 






*J 


V-i 






CO 


3 




JJ 


QJ 


AJ 




•H 


jC 


03 




r-H 


0» 


u 




•H 


u 


0) 




JO 


a, 


Q. 




f8 




e 


— < 




aj 


QJ 


0J 




to 




•H 


Q> 


QJ 








Low 


CO 

c 
— < 





CO 




CO 




a> 




C 




.C 




oO 






< 


O 


3C 





U 

0) 
CL 

o 

Li 

a, 



en 

u 

-H 

c 

03 

jC 
o 
qj 



qj 

M 
-H 

QJ OO « — «■ 

^ E 
C zL 

C Li -H w 

n) u flj 
ai a> v* 
X. u* o 

c 

o -a 

•h qj 

f ^ QJ - 

Li U AJ K| 

O O «H 

a. ^ li 
O u 

U U~i QJ 

a* o u. 
c 

<L> O 
AJ "H " 

2 a - 

0) Lj 

Cu tu 



qj 

AJ 

CO 



C 
o 



u 

0} 
CO 



aJ 


*J 


AJ 


AJ 


AJ 


AJ 


AJ 


aJ 


aJ 


o 


o 


o 


o 


o 


o 


o 


o 


o 




z 


Z 


z 


Z 


z 


z 


z 


z 


oO 


00 


OO 


O0 


00 


OO 


OO 


OO 


OO 



e c >> e 

H U -H U ^ 

u in u m jj 

(0 Cf) (d CO (Q 

qj to qj co 

JC QJ QJ 

QJ U QJ U 

U QJ Wi QJ 

cu z a. z 



>> c 

u H 

CO AJ 



^ c 

u -h 

03 aJ 



QJ 
JC 
QJ 
Li 



nj OT CO 

CO QJ CO QJ 

QJ -C QJ 

U QJ O QJ 

QJ U QJ U 



a. z a. z ou z 



AJ CO AJ 03 AJ tO 

Cfl CO CQ tO fO C0 

QJ CO QJ tO QJ CO 

jC QJ JC QJ Jd QJ 

Q) U QJ U QJ CJ 

U QJ Li QJ W QJ 

cu z a. z a- z 



co 




a* 


CM 


r«. 


o 




CO 


M 




£1 


rH 


VO 


rH 


CO 


m 


o 


m 


CM 


o 


<r 








CO 




CM 


rH 


rH 


CM 


rH 


CO 


CO 


CM 


• 


CM 




CM 


CM 


o 


o 


o 


o 


o 


o 




o 


= vO 


ml 


ol 


ol 


ml 




CM 


CM 




CM 


VO 


CO 


tn 


loo 






i 


t| 


i 


1 


1 


• 


1 


i 


1 


i 












VO 


a 


<r 


o\ 


VO 


a> 


rH 


rH 






$ 




rH 


O 


rH 


o 


CO 


CM 


CO 


m 


CO 


N 








CM 


CM 


CM 


CM 


CM 


CM 


CM 


CM 


CM 










CM 


rH 


CM 


rH 


VO 


rH 


<r 


rH 


cn 






<r 


ON 




<o 


rH 


cn 


o 


CM 


CO 


OA 


CO 


:cO 


3 


o 


CO 


rH 


o 


O 


o\ 


o 


o 


CT> 


Ov 


C* 


•O 




o 


O 


o 


rH 


rH 




rH 


rH 








jrH 




rH 


^H 


rH 


CM 


rH 


VO 


CO 


CO 


CO 


m 


rH 


• oo 




O 


m 




VO 


CO 




m 




co 




CM 


:o\ 


9 


CM 


CM 




p«* 


CO 










CO 


r- 


jco 

j 










CM 






vO 


CM 


rH 


o 




^ (/*) 


ml 




ml 


CM 




















3 




3 




co 




co 


«T 


co 


CM 
















vO 


CO 


m 


VO 


en 


O 


CO 


o 




CO 


vO 




o| 


CO 


m 


. vo 


o\ 


CO 


O 


r- 


o 


joo 


rv 


co 


xO 














rH 




rH 


; 
: 












CM 


rH 


CO 


rH 


r- 


VO 


CO 


ico 


CM 


o 


CO 


COl 


CM 


<r 


to 


CM 


cO 


00 


CO 


CO 


|CM 


CO 


CO 


CM 




rH 


CM 


CO 




m 


vo 




CO 


|o\ 


cO 




CO 


CA 




















rH 


rH 


rH 


rH 



aJ 
O 

z 



oO oO oO 

. c C >x c 

3 -H Li -H Li -H 

2| aJ CO AJ CO AJ 

CO to CO to cfl 



CO 

CO QJ CO QJ 

QJ jC QJ JC 

CJ QJ U QJ 
QJ U QJ U 

0u Z Om z CU 



QJ 
jC 
QJ 



O 

z 

O0 

>H C >V 

U -H 
CO AJ CO 
to cO to 

to aj to 

QJ jC QJ 
U QJ U 
01 u 

z a. z 



c 

QJ CO QJ C 

QJ -H > O 

AJ JC C -H 

t7) h H U 



CQ 

CQ rH 

O. QJ QJ 

E > QJ 

O AJ 

o *-» to 



9 



EP 0 757 113 B1 



Example 2 

[0061] Slabs having various chemical compositions were produced by melting on a laboratory scale (ingot: 100 kg, 
1 50 mm-thick) or by a converter continuous-casting method (240 mm-thick). These slabs were hot rolled to steel plates 

5 having a thickness of 1 6 to 24 mm under various conditions, and various mechanical properties and micro-structures 
were examined (yield strength: YS, tensile strength: TS, absorption energy at -40°C in Charpy test: vE-40, 50% fracture 
transition temperature: vTrs) in a direction at right angles to the rolling direction. A separation index on the Charpy 
fracture at -100°C (the value obtained by dividing the total length of the separation on the fracture by the area 8X10 
(mm 2 ) of the fracture; the greater this value, the more excellent the crack propagation stop characteristics) was meas- 

io ured as the crack propagation stopping characteristics. The HAZ toughness (absorption energy at -20 P C in the Charpy 
test: vE. 20 ) was evaluated by the simulated HAZ specimens (maximum heating temperature: 1,400°C ) cooling time 
from 800 to 500°C [At 800 _ soo ]: 25 sec). Field weldability was evaluated by the lowest pre-heating temperature necessary 
for preventing low temperature cracking of the HAZ in the Y-slit weld crack test (JIS G3158) (welding method: gas 
metal arc welding, welding rod: tensile strength 100 MPa, heat input: 0.3 kJ/mm, hydrogen quantity of weld metal: 3 

is cc/100g metal). 

[0062] Tables 3 and 4 tabulate the samples and the measurement results of each characteristic. 
[0063] The steel plates produced in accordance with the method of the present invention exhibited an excellent 
balance of the strength and the low temperature toughness, and excellent HAZ toughness and field weldability In 
contrast, since the chemical compositions or the micros-structures were not suitable in the comparative steels, any of 
20 their characteristics were remarkably inferior. 
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Example 3 

[0064] Slabs having various chemical compositions were produced by melting on a laboratory scale (ingot of 50 kg 
and 100 mm-thick) or by a converter continuous-casting method (240 mm-thick). These slabs were hot rolled to steel 
plates having a thickness of 15 to 25 mm under various conditions, and were tempered, in some cases, to examine 
their various properties and micro-structures. 

[0065] Various mechanical properties of these steel plates (yield strength: YS, tensile strength: TS, absorption energy 
at -40°C in the Charpy test: vE^, 50% fracture transition temperature: vTrs) were examined, in the direction at right 
angles to the rolling direction. 

[0066] The HAZ toughness (absorption energy at -40°C in the Charpy test: vE^ 0 ) was evaluated by the simulated 
HAZ specimens (maximum heating temperature: 1 ,400°C, cooling time from 800 to 500°C [At 800 _ 500 ]: 25 sec). 
[0067] Field weldability was evaluated by the lowest pre-heating temperature necessary for preventing low temper- 
ature cracking of the HAZ in the Y-slit weld crack test (JIS G3158) (welding method: gas metal arc welding, welding 
rod: tensile strength 100 MPa, heat input: 0.3 kJ/mm, hydrogen amount of the weld metal: 3 cc/100g metal). 
[0068] These Examples are tabulated in Tables 5 and 6. The steel plates produced in accordance with the method 
of the present invention exhibited an excellent balance of the strength and the low temperature toughness, and excellent 
HAZ toughness and field weldability. In contrast, it was obvious that the comparative steels were remarkably inferior 
in any of their characteristics because their chemical compositions or micro-structures were not proper. 
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[0069] The present invention can stably mass-produce a steel for an ultra-high strength line pipes (having a tensile 
strength of at least 950 MPa and exceeding X100 by the API standard) having excellent low temperature toughness 
and field weldability. As a result, the safety of a pipeline can be remarkably improved, and transportation efficiency as 
well as execution efficiency of the pipeline can be drastically improved. 

5 

Claims 

1. A high strength line pipe steel having a low yield ratio and excellent in low temperature toughness, containing, in 
io terms of percent by weight: 

C: 0.05 to 0.10%, 

Si: not greater than 0.6%, 

Mn: 1.7 to 2.5%, 
*5 P: not greater than 0.01 5%, 

S: not greater than 0.003%, 

Ni: 0.1 to 1.0%, 

Mo: 0.15 to 0.60%, 

Nb: 0.01 to 0.10%, 
20 Ti: 0.005 to 0.030%, 

Al: not greater than 0.06%, 

N: 0.001 to 0.006%, 

optionally one or more elements selected from 

25 

B: 0.0003 to 0.0020% or B: <0.0003, 
Cu: 0.1 to 1.2%, 
Cr: 0.1 to 0.8%, 
V: 0.01 to 0.10%, 
30 Ca: 0.001 to 0.006% 

REM: 0.001 to 0.02% 

Mg: 0.001 to 0.006% and Y: 0.001 to 0.010% 

and 

35 the balance of Fe and unavoidable impurities; 

having a P value, defined by the following general formula, within the range of 1.9 to 4.0; and 

having a micro-structure comprising martensite, bainite and ferrite, wherein a ferrite fraction is from 20 to 90%, 

said ferrite contains 50 to 100% of worked ferrite, and a ferrite mean grain size is not greater than 5 urn; 

40 

P = 2.7C + 0.4Si + Mn + 0.8Cr + 0.45(Ni + Cu) + (1 + p)Mo + V - 1 + p, 
with the proviso that p takes 0 when 

45 

B < 3 ppm, and 1 when 
B > 3 ppm. 

2. A high strength line pipe steel having a low yield ratio and excellent in low temperature toughness according to 
so claim 1 , wherein the steel contains, in terms of percent by weight: 

Mn: 1.7 to 2.2%, 
Mo: 0.1 5 to 0.50%, 
B: 0.0003 to 0.0020%, 

55 

and optionally one or more elements selected from 
V:0.01 to 0.10%, 
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Cf: 0.1 to 0.6%, 
Cu: 0.1 to 1.0%, 
Ca: 0.001 to 0.006% 
REM: 0.001 to 0.02% - 
5 Mg: 0.001 to 0.006% and Y: 0.001 to 0.01 0% 

and 

has the P value within the range of 2.5 to 4.0. 

10 3. A high strength line pipe steel having a low yield ratio and excellent in low temperature toughness according to 
claim 1 , wherein the steel contains, in terms of percent by weight: 

Mo: 0.35 to 0.50%, B: <0.0003% 
Cu: 0.8 to 1.2%, 

15 

and optionally one or two elements selected from 

Cr: 0.1 to 0.6%, 
V:0.01 to 0.10%, 
20 Ca: 0.001 to 0.006% 

REM: 0.001 to 0.02% 

Mg: 0.001 to 0.006% and Y: 0.001 to 0.010% 

and 

£5 has the P value within the range of 2.5 to 3.5. 



Patentanspruche 

30 1 . Hochfester Leitungsrohrstahl mit einem niedrigen Streckgrenze-Zugfestigkeit-Verhaltnis und einer ausgezeichne- 
ten Tieftemperaturzahigkeit, welcher in Gewichtsprozenten aufweist: 

C: 0,05 bis 0,10%, 

Si: hochstens 0,6 %, 
35 Mn: 1,7 bis 2,5 %, 

P: hochstens 0,015%, 

S: hochstens 0,003 %, 

Ni:0,1 bis 1,0%, 

Mo: 0,15 bis 0,60%, 
40 Nb: 0,01 bis 0,10%, 

Ti: 0,005 bis 0,030 %, 

Al: hochstens 0,06 % 

N: 0,001 bis 0,006 %, 

45 sowie wahlweise eines oder mehrere der Elemente 

B: 0,0003 bis 0,0020 % Oder B: < 0,0003 %, 
Cu: 0,1 bis 1,2%, 
Cr: 0,1 bis 0,8%, 
so V: 0,01 bis 0,10%, 

Ca: 0,001 bis 0,006 %, 
REM: 0,001 bis 0,02 % 
Mg: 0,001 bis 0,006 % und 
Y: 0,001 bis 0,010%, 

55 

wobei der Rest aus Fe und unvermeidbaren Verunreinigungen besteht, 
mit einem im Bereich von 1 ,9 bis 4,0 liegenden P-Wert, der durch die folgende allgemeine Formel festgelegt 
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ist, und 

mit einer Mikrostruktur, die Martensit, Bainit und Ferrit aufweist, wobei der Ferritanteil von 20 bis 90 % reicht, 
das Ferrit 50 bis 100 % bearbeiteten Ferrits enthalt und die mrttlere FerritkorngroBe hochstens 5 u.m betragt, 

P = 2,7C + 0,4Si + Mn + 0,8Cr + 0,45(Ni + Cu) + (1 + p)Mo + V - 1 + p, 

wobei p den Wert 0 annimmt, wenn B < 3 ppm ist, und wobei es den Wert 1 annimmt, wenn B > 3 ppm ist. 

2. Hochfester Leitungsrohrstahl mit einem niedrigen Sfreckgrenze-Zugfestigkeit-Vemaltnis und einer ausgezeichne- 
ten Tieftemperaturzahigkeit nach Anspruch 1, welcher in Gewichtsprozenten aufweist: 

Mn: 1,7 bis 2,2%, 
Mo: 0,15 bis 0,50%, 
B: 0,0003 bis 0,0020 %, 

sowie wahlweise eines oder mehrere der Elemente 

V: 0,01 bis 0,10%, 
Cr: 0,1 bis 0,6%, 
Cu: 0,1 bis 1,0%, 
Ca: 0,001 bis 0,006%, 
REM: 0,001 bis 0,02 %, 
Mg: 0,001 bis 0,006 % und 
Y: 0,001 bis 0,010%, 

wobei sein P-Wert innerhalb des Bereichs von 2,5 bis 4,0 liegt. 

3. Hochfester Leitungsrohrstahl mit einem niedrigen Streckgrenze-Zugfestigkeit-Verhaltnis und einer ausgezeichne- 
ten Tieftemperaturzahigkeit nach Anspruch 1, welcher in Gewichtsprozenten aufweist: 

Mo: 0,35 bis 0,50%, 
B: < 0,0003 %, 
Cu: 0,8 bis 1,2%, 

sowie wahlweise eines oder zwei der Elemente 

Cr: 0,1 bis 0,6%, 
V:0,01 bis 0,10%, 
Ca: 0,001 bis 0,006 %, 
REM: 0,001 bis 0,02% 
Mg: 0,001 bis 0,006 % und 
Y: 0,001 bis 0,010%, 

wobei sein P-Wert innerhalb des Bereichs von 2,5 bis 3,5 liegt. 



Revendications 

1. Acier pour canalisations de resistance mecanique elevee presentant un faible rapport de limite elastique et excel- 
lent en ce qui concerne la tenacity a basse temperature contenant, en termes de pour cent en masse: 

C: de 0,05 a 0,10%, 
Si: pas plus de 0,6%, 
Mn:de 1,7 a 2,5%, 
P: pas plus de 0,015%, 
S: pas plus de 0,003%, 
Ni: de 0,1 a 1,0%, 
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Mo: de 0,15 a 0,60%, 
Nb: de 0,01 a 0,10%, 
Ti: de 0,005 k 0,030%, 
Al: pas plus de 0,06%, 
N: de 0,001 k 0,006%, 

eventuellement un ou plusieurs elements choisis parmi: 

B: de 0,0003 a 0,0020% ou B: moins de 0,0003, 

Cu: de0,1 £1,2%, 

Cr: de0,1 & 0,8%, 

V: de 0,01 a 0,10%, 

Ca: de 0,001 a 0,006%, 

REM: de 0,001 k 0,02%, 

Mg: de 0,001 a 0,006% et 

Y: de 0,001 & 0,010% 

le reste etant constitue de Fe et des impuretes inevitables; 

possedant une valeur de P, definie par la formule generale suivante, k I'interieur de la gamme comprise entre 
1,9 et 4,0; et 

ayant une microstructure comprenant de la martensite, de la bainite et de la ferrite, dans lequel la fraction de 
ferrite est comprise entre 20 et 90%, ladite ferrite contient de 50 k 100% de ferrite traitee et la taille moyenne 
des grains de ferrite n'est pas superieure a 5 jim; 

P = 2,7 C + 0,4 Si + Mn + 0,8 Cr + 0,45 (Ni + Cu) + (1 + P) Mo + V - 1 + p 

a la condition que p soit egal a 0 lorsque B < 3 ppm 
et a 1 lorsque B > 3 ppm. 

Acier pour canalisations de resistance mecanique elevee presentant un faible rapport de limite <§lastique et excel- 
lent en ce qui concerne la tenacite k basse temperature selon la revendication 1 , dans lequel racier contient, en 
termes de pour cent en masse: 

Mn:de 1,7 & 2,2%, 

Mo: de 0,15 £0,50%, 

B: de 0,0003 a 0,0020% et 

eventuellement un ou plusieurs elements choisis parmi: 

V:de 0,01 £0,10%, 
Cr: de 0,1 a 0,6%, 
Cu: de0,1 a 1,0%, 
Ca: de 0,001 a 0,006%, 
REM: de 0,001 a 0,02%, 
Mg: de 0,001 k 0,006% et 
Y: de 0,001 £0,010% 

et possede une valeur de P k I'interieur de la gamme comprise entre 2,5 et 4,0. 

Acier pour canalisations de resistance mecanique elevee presentant un faible rapport de limite elastique et excel- 
lent en ce qui concerne la tenacite k basse temperature selon la revendication 1, dans lequel I'acier contient, en 
termes de pour cent en masse: 

Mo: de 0,35 k 0,50%, 
B: moins de 0,0003%, 
Cu: de 0,8 a 1 ,2% et 
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eventuellement un ou deux Elements choisis parmi: 

Cr: de 0,1 a 0,6%, 
V:de 0,01 a 0,10%, 
Ca: de 0,001 a 0,006%, 
REM: de 0,001 a 0,02%, 
Mg: de 0,001 a 0,006% et 
Y: de 0,001 a 0,010% 

et possede une valeur de P a I'interieur de la gamme comprise entre 2,5 et 3,5. 



) 
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